mixtures in commercial production, we need to understand how the population of scab 17 changes in a mixed orchard and how likely a super race, with virulence factors overcoming 18 multiple resistance factors in the mixed orchard, is to emerge and become dominant. We used 19 short sequence repeat (SSR) markers to investigate the temporal change of scab populations 20 in two mixed cultivar orchards in the UK to infer the likelihood of emergence of a scab super 21
Introduction

29
Apple scab, caused by Venturia inaequalis, is one of the most important diseases on apple. 30
Emerging and spreading from central Asia (Gladieux et al., 2008) , the centre of origin for the 31 domesticated apple Malus x domestica (Harris et al., 2002) , it is found across apple growing 32 regions worldwide. Annual epidemics can lead to large losses of marketable fruit and severe 33 attack may lead to young fruit dropping and to defoliation which can cause a decline in yield 34 in subsequent seasons (MacHardy, 1996) . 35
The pathogen survives the winter primarily as pseudothecia in the leaf litter. Rainfall in 36 spring, around the time of bud break, causes release of sexually produced ascospores from the 37 heavy use, consumer pressure on reducing fungicide use and ever-decreasing number of 47 available fungicides due to regulations, alternative measures are being sought for scab 48
management. 49
An effective scab management strategy is to breed cultivars with durable resistance to the 50 pathogen. The only major R-gene that has been incorporated into commercial apple cultivars 51 is the Rvi6 (Vf) gene from M. floribunda, but this gene has been overcome in several regions 52 (Parisi et al., 1993; Roberts & Crute, 1994) , raising the question about the longevity of Rvi6. 53
Where Rvi6 has been overcome in an orchard also containing non-Rvi6 cultivars the scab 54 population has been seen to split (Gladieux et al., 2011) . 55
Research in identifying and using major R-genes against apple scab has focused on genes 56 from wild Malus species rather than domesticated apple, except for Rvi1 from Golden 57 Delicious (Bus et al., 2011). However, seemingly susceptible cultivars may also contain 58 resistance (Sierotzki et al., 1994; Koch et al., 2000; Barbara et al., 2008) so that scab isolates 59 from one cultivar may infect another susceptible cultivar weakly or not at all.. One method to 60 potentially achieve durable resistance is to combine resistance genes into a single genotype, 61 ineffective as a means of managing scab. A fungal super race may result from a single 87 mutation or series of mutations, but is more likely to result from recombination of the 88 necessary virulence factors during sexual reproduction. 89
In this study, Simple Sequence Repeat (SSR) markers were used to genotype scab isolates 90 from different cultivars in two mixed orchards at two different time points. We aimed to 91 investigate the extent of differentiation between the scab populations on the different 92 cultivars within an orchard over time. Should the populations on different cultivars become 93 more alike over time it would suggest that a super race may have become dominant in the 94 orchard. Otherwise, as suggested by simulation study (Xu, (Xu et al., 2013) . 111
Freeze-dried mycelia from single spore isolates were stored at -20°C and used in the present 112 study. Both sites were re-sampled in the spring of 2012 when lesions had become visible 113 from primary infection. At Ash Farm, leaves with freshly sporulating, discrete lesions were 114 collected from shoots of each of 10 trees per cultivar and placed into paper bags until 115 isolation. At WM132 a total of 15 shoots were collected from each of 6 trees per cultivar (2 116 trees per row) and all leaves with discrete sporulating lesions were collected. For all leaves 117 collected in 2012 a single discrete lesion per leaf was cut out with a 5 mm cork borer, placed 118 in a 2 ml micro tube, left to air dry at room temperature and then closed and transferred to a -119 20°C freezer. Only a single lesion from any one shoot was used to extract DNA. experiments where single spore isolates were required for inoculation tests. For the 2012 127 samples, it was quicker and cheaper to extract DNA directly from the lesion on a leaf disc 128 than to produce single spore isolates in vitro, which was done previously (Xu et al. 2008 ). As 129 discrete lesions were selected early in the season it is likely that the lesion will have resulted 130 from infection by a single spore. Should the lesion have had multiple origins it would be 131 detectable as described below. 132
The freeze dried mycelia or infected leaf disc were placed in a 2 ml micro tube with two 4 133 mm ball bearings and disrupted in an MM2 oscillating mill (Retsch). DNA was then 134 extracted using a DNeasy Plant Mini Kit (Qiagen) following the manufacturer's instructions 135 with all optional steps. DNA was eluted with 100 µl elution buffer into a 1.5 ml micro tube. 136 DNA was quantified and quality-checked using a Nanodrop 1000 spectrophotometer 137 (Thermo Scientific) and stored at -20°C. 138
The targets of a number of published SSR primer pairs (Tenzer et al., 1999 (Table 2 ). SSRs, labelled on the forward primer with either 6-FAM or HEX 142 fluorescent dyes (Integrated DNA Technologies), were split into two multiplexes of four 143 primer pairs. PCR was performed using 6.25 µl Type-it microsatellite PCR master mix, 3.5 µl 144 water (both Qiagen), 1.25 µl 2 µM SSR primer mix, and 2 µl DNA. Due to the high 145 concentration of the DNA extracted from mycelium (2005/6 samples) the DNA was diluted 146 1/10 before PCR, whereas the DNA extracted from leaf discs was added undiluted as the 147 concentration was lower and a proportion of the DNA extracted will have been from the 148 apple leaf. Touchdown PCR was performed on a DYAD thermal cycler (MJ Research) using 149 the following cycle: an initial 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C 150 for 90 s (decreasing 0.5°C per cycle until 50°C) and 72°C for 60 s, followed by a final 151 extension at 60°C for 30 min. One µl of PCR products (diluted 1/10 for 2005/6 samples, 152 undiluted for 2012 samples) were run on an ABI 3130xl sequencer with GeneScan 500 LIZ 153 size standard (Life Technologies). Alleles were then scored using GENESCAN and 154 GENOTYPER software conforming to the stepwise mutation model, i.e. to ensure allele sizes 155 fit into a stepwise model (however, it should be noted that in practice nearly all alleles varied 156 by integral multiples of the repeat length). PCR was repeated on any samples with no product 157 for an SSR marker, alongside a positive control(s), so as to score a null allele, rather than a 158 failed PCR, for that primer pair. region is deleted, resulting in a very short fragment not scored. In the present study, null 170 alleles were treated as a single allele for that marker, but they may in fact include different 171 sequences. Therefore, we also conducted statistical analyses with all null alleles excluded. If 172 there were two alleles at a locus it was assumed that the lesion had resulted from infection by 173 more than one spore. If a sample only had one locus with two alleles, one was randomly 174 selected for inclusion in statistical analysis. If a sample had multiple loci with more than one 175 allele then the sample was discarded. 176
To assess if the scab populations in the two orchards had changed between the two temporal 177 sampling points, population differentiation was assessed by a two-hierarchical level AMOVA 178 as they had multiple loci with more than one allele. A further six samples failed to amplify 225 during PCR. There were two samples for which one SSR locus was not reliably scored; these 226 were marked as missing values. Summary allele data for both orchards are given in Table 3 . samples from Cox appears to be an admixture between the two (Figure 2) . 249
In WM132 AMOVA showed no evidence for significant differences between the samples 250 from 2006 and 2012 (P = 0.4) or for differences between cultivars (P = 0.1). There was weak 251 evidence for interaction between years and cultivars (P = 0.06) ( Table 4) (Table 5) . 267
The WM132 population was in linkage equilibrium in both years indicating random mating 268 in the orchard; there was no evidence for LD in the populations from individual cultivars at 269 either time point (Table 5) . Although the gap in sampling (seven years) is short, relative to the life of commercial 300 orchards, it should be noted that this orchard is about 40-45 years old and has not been 301 subjected to any control measures. Although the scab populations on Bramley and Cox 302 appear to become more alike between the two sampling points, they were still significantly 303 different. The differences in scab populations between Worcester and the other two cultivars 304 appear to have increased, suggesting that the scab population, especially on Worcester, is 305 probably becoming increasingly adapted to specific cultivars. Although it is also possible that 306 other evolutionary forces, such as migration, are having an effect, adaptation is the simplest 307 explanation. We may therefore infer from these results that a super race has not prevailed in 308 the life of the Ash Farm orchard, which is around twice that of a commercial orchard. 309
The scab populations in WM132 did not differ between the two sampling years. The 310
Structure analysis failed to give a consistent result on the number of clusters, suggesting that 311 there is just one population present (K = 1). Although the populations on the two cultivars 312 were different in 2006, the multi-locus LD test indicates that the scab population in the 313 orchard was already in linkage equilibrium. This is most likely explained by the fact that Gala 314 is susceptible to almost all known scab isolates regardless of the host it was isolated from 315 proportion of primary infection from asexual conidial spores, the higher will be the 346 proportion of primary inoculum that is genetically identical to spores from the previous year. has not become common. This agrees with inoculation studies of isolates from the mixed 366 orchard and other monoculture orchards (Barbara et al., 2008) . Therefore, we may conclude 367 that mixed apple orchards could be a feasible component of an integrated management 368 scheme. Although the reductions of 10-30% in scab are modest, it is likely that mixed 369 cultivar orchards are beneficial in managing other pests and diseases too (Parisi et al., 2013) . 370
Implementation is particularly suited for cider and juicing apples because cosmetic damage is 371 unimportant and disease management need not be as stringent as for dessert apples. 
